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4 ~ (~~O )
levels  of potential  or demons t r a ted  laser  t r a n s i t i o n s . The p r e sen t  exper i-
men t a l  stud y is di rected to k inet i c  rate con s t an t  nw a su r e r ne f l t s  f o r  c o l l i s i o n a l
re laxa t ion  of low -l y in i ~ i-n etas tahle  s tates  of lead , co pper , and bismuth.
Accom pl i s h men t s :  The hi g h t e i -npt -  r a t u r e  f l a s h  photol y s i  a ppa r a t u s  u t i l  i i i  ng
r i ’s t m a n c ~ - ;IbsorplIuIl d e t e c t io n  t e c h n i c 1u I ’ s  d t- ~ t - Io ped  l I n ( I I - t  t h i s  C O f l t I : I (t  w a s

t t s I to  p ro \  i r l ~- t I - l n p ( - ra t u r ( -  S e l i si t Iv I -  c o l l i s i o n a l  qu.- I l t - h i l a’ r ; I t( - C ( ~ I ’ S t I I 1 t ~ . Or
l e , I ( l . c opper  and  b ismuth . ‘I h ese  s t i bt a sk s  h a v e  hI r l i  ( o Inp le tA ’( l  a n d  Wt ~~ I (

r ep o r t e d  in  v a r i o u s  s e m i — a n n u a l  techn ica l  r e p o r t s  as follows:
lead( 6p~ ) 3 P, and 

3 P 1 sta tes - Semi -annua l  T e c h n i c a l  R e p o r t
M a r c h  1975

(
_
~ ) ~coppe r ( 3d  4 .s~~ ‘D~ ~ sta te - Semi -annua l  1 e c h n i c a l  R e p o r t

- 
F e b r u a r y  1976

bisrn uth ( 6 p
3) 2

D
0

3
, ) and 

2
D

0
5/2  

s t a t es  - Semi -annua l  T e c h n i c a l  R e p o r t
Ap r i l  1976

- T h is  Re por t
TASK II - UPPER LEVEL KINETICS ( E X PE R I M E N T A L )

Object ive:  The purpose of th is  task is to d e t e r m i n e  the e f f i c i e n c y  of va r ious
quenc hing  gases  in deac t iva t ing  the upper laser  level  of lead.  To be usefu l ,
a q uenc h in g gas m ust rap idl y re lax the lower laser  level and slowl y relax the
upper laser  level , i. e. be selective .
Accompl i shments :  The hi gh t empe ra tu r e  resonance f l u o r e s c e n c e  appara tus
uti l i z i n g DC phase  sens i t ive  detection techni que s c o n s t r u c t e d  u n d e r  this
con t r ac t was used to provide c r o s s - s e c t i o n  informat ion  on the lead(6 p 7s) ~‘state . This task was comp leted and resul ts  reported in the s e m i - a n n u a l .
t echnica l  report  dated Feb rua ry  1976.
TASK III - EXCITATION PROCESSES (T H E O R E T I C A L )
Objective:  The objective of th is  e f f o r t  is to ca lcu la te  e l e c t r o n i c  imp a c t  and
q uenching  c ross  sections for  the upper and lower l a se r  l eve l s  of copper .
Accomp l i shments :  Impor tan t  c ross  sect ions r e q u i r e d  fo r  mode l ing  the coppe r
va por l a s e r  were  ca lcula ted.  These resu l t s , when app lied to mode l in~ the
l a se r ’ s p e r f o r m a n c e , p red ic t  that  a large  number  of a toms a r e  capable  of
be ing  uti l ized for  l a s ing.  with a c o r r e s p o n d i n g ly hi gh e r  l a s e r  en e r g y  d e n s i t y
and a g r e a t e r  overa l l  system ef f i c iency .  The task was  comp leted and r e s u lt s
repor ted  in the semi-annua l  technical repor t  dated F e b r u a r y  1976.
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1. 1 N T R O I R I C T I O N

In - n  e f f o r t  to ga in  soni c unde r s t and ing  of the i i wc h a n i sm s  w h e r e by

c i t i t r o n i c a l l y t x  i t ed  metal  atoms a re  re laxed in c o l l i s i o n s  with s imp le

i tor n s and i l ( o l e (  ule S , the q uen c h i n g  k i n e t i c s  f o r  a l l  the i m -n ib er s  of a g r o up

have  been s y s t e m a t i c a l ly s t u d i e d  ft. ~~~., N , P , As , Sb , R i ) .  In t h i s  way

s i m i l a r i t ie s  between  e l e c t r o ni c  s t r u c t u r e  ( ‘ a f l  be u t i l i z e d  i n  the  i n t e r p r e t a -

t i o n  of the a v a i l a b l e  r a t e  da t a .  Th i s  i n t e r p r e t a t i o n  is  u s u a l ly d i s c u s s e d

w i t h i n  the  context  of c o r r e l a t t o n  d i ag r a m s  wh ich  a r e  c o n s t r u c t e d  t h r o u g h

c o n s i d e r a t i o n  of e n e r g y  and s y m m e t r y  c o n s t r a i n t s .  For the l ig hte r mem-

b e r s  of the  g roup ,  on u t i l i z e s  weak sp in o rb i t  coup l ing  a p p r o x i m a t i o n s
4

,

w her e a s  for  the  heavier  e lement s , (J , ~2 )  coup ling seems more  a p p r o p r i a t e .

Ofte n , t h e r e  has been shown to be a co r r e l a t i on  between t he se  s y m m e t r y

C o n s t r a i n t s  and ava i lable rate  data . In some cases , howeve r , w h e r e  no

e n e r g y  a - c t s s i h l e  c o r r e l a t i o n s  exis t  be tween reac tan t s  and p roduc t  c h a n n e l s ,

the  ra te  data s t i l l  i n d i c a t e  e f f i c i e n t  q u e n c h i ng  is o cc u r r i n g  w h i c h  impl ies  a

process  involv ing  non -ad i aba t i c  t r ans i t ions . Examples inc lude pos s ib le

s u r f a ce  hopp i n g  nea r  c u r v e  m e r g ings  at close i n t e r n u c l e a r  separa t ions
6

and  E—. V e n e r gy  t r a n s fe r  p rocesses  for  col l is ions involv ing  molecula r

q l i on c l un g  ga s e s .  C h o o s i n g  between l ikely r e l axa t ion  m e c h a n i s m s  is

l a r ge l y specu l a t i ve  s i n c e  the d i s appea rance  of the metas tab l i ’  e l ec t ron ic

statt ’  of the exc i ted  atom i s  the usual  d i agnos t i c . I n f o r m a t i o n  on the

produc t channe l s  is s ca rce .

We report  h e r e  t empe ra tu r e  dependent  rate data for  the coll is ional

relaxation of the 6p 3 ( 2 D0
3/2 ) and 6p 3( 2 D°

512 ) states of atomic bismuth.

.5 
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n l [) er at I l  r e  dep e n den t  ra te  data n a t u r a l ly provide  a d d i t i o n a l  in f o rm a t i o n

t o  ( c ) n s i d t ’ r in the s e l ec t ion  of any l ike ly  re laxa t ion  t i t- c h an i s i : . .  1

data  w e r e  o b t a i n e d  u s i ng  a t e m p e r a t u r e  con t ro l l ed , fla sh photol y s i s ,

k i n e t i c  s pr’ ’t roscopy  appara tu s which  has been used to stu dy t e m p e r a t u r e

8 , 9 2 3 2 3s e n s i t i v e  ra te  da t a  fo r  lead 6 p ( P~ ) and 6 p ( P 1 ) and  fo r  oppe r

~ 4ç 2 (~~D
5/2

) s t a t e s .  R a t e  co n s t a nt  m e a s u r e m e n t s  w e r e  made fo r  quenc h-

ing  b y A r , Xe , N 2, H 2 , D 2, CO , O
~~, CO 2 and SF

6 
at 300 , 450 and 550 °K .

The data a r e  r educed  to p rov ide  A r r h e n i u s  p a r a m e t e r s  w h e r e  a p p r o p r i a t e

and  li kel y r e l a x a t i o n  m e c h a n i s m s  a re  discussed.

— ; ~ —
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I I .  E X PE R iM E N T AL

The g e n e r a l  t echnique  and e x p e r i m e n t a l  a p p r o a c h  has been de-

sc r ibed  in e a r l i e r  pu b l i c a t i o n s .  3 , 6 , 8 , 9 The appa ra tus  is shown sche-

n ia t i ca l ly in Fi g. 1.  It  cons is t s  of a GLomax hollow cathode lig ht source ,

a 4~’ cm l o ng  r e a c t i o n  cel l  ( 1 . 8  cm ID) cons t ruc ted  of s u p r a s il  q u a r t z  wi th

q u a r ’ .ws fused to the cell  i tself , and a mechan ica l  shu t t e r/

or/ photomultiplier detect ion sy stem ’° for  moni tor ing the

r cs i~ tnce  l ine chosen for  the time resolved absorp tion measu rements .

The reac t ion  cell is heated res is t ively by pass ing  c u r r e n t  th roug h

Nic -hron -ie hea t ing  wi re  whic h is wound in a spiral  over the ent i re  s u r f a c e

of the cell at approximately 8 mm inte rvals. In the cell , t e m p e r a t u r e s

10 ( X C  eSs  of 600 0 1,: w e r e  easily obtained as determined by the rmocoup les

( I r o n - C o n s t a n t a n )  p laced at variou s locations on the g lassware  s u r f a c e .

This  hig h t empera tu re  capabi l i ty  allowed us to very effect ively degas the

photolys i s  cell ( res idua l  p ressures  of l0~~ to r r  and leak plus outgassing

ra te of less  than  0 . 1 ( i/ mm ) .

The ov e r a l l  p ro  ( ( lure  was  the same as that  used in the  previous

room t e m per a t u re  exp e r i men t s .  Premixed gases  were  i n t r o d u c e d  into

the evacuated reaction c h a m b e r .  Nonequ il i b r i um c o n c e n t r a t i o n s  of the

2
D°

512 
and  Z D

O
/ 

of b i s m u t h  were  generated by the f lash  photol ysi s  of

a t race (approximatel y 3 ppm ) amount of t r ime th y l bismuth ( T M B )  in the

presenc e of a rgon buffer  gas and added quenchers .  The decay of the
2 o  2 ometastable D 

5/2 
and D 

3/2 
states waa monitored by time resolved

-3-
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Fig. 1 Diagram of the Appara tus
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l i n e  a b s o r p t i o n  t e c h n i q u e s  at  2~ 38 and 2898R r e sp e ct i v e l y ,  h~~~i n n i n ~ t t

t im e s  t v p i  ~ a l l y 1 OO~ sec a f t e r  the photo ys i s  f l a s h .  T h e  u s u a l  c :c ’d i f ie~ E

l~ c , r — l a n i ~~e r t  l a w  w a s  used  a s  ‘l i s c i i s s e d  i n  our  c a r l o - i -  p u b l i c ; t t i o i i s . 
-

The s y s t e m  V as  baked unde r  v a c u u m  at  a t ( ’  rope rat-u re h ig hie r than  the

hi~~he st one used  fo r  k i n e t i c  measu  r ernen t s  . R ate  c o n s t a n t s  wer e  r o u t i n e l y

c h e c k e d  at room te iup e r a tu re  to c st ab l i sh  t h a t  t~~~e r e s u l t s  w e r e  in  a g r e e —

i t e n t  w i t h  our previou s w o r k .  The sys Cfl) W a s  t l i e n  h e a te d , P~ ci  i i ix e d

i~ases adm itted to the hot cel l  and r n e a  s u r e  nu  nts  made at t ( - mp (  r a t u re  s

up to 550°K.

Cy linder g rade  gases  w e r e  i i s c t l  ( h i r - C - t l y and we r ( -  of the f o l low i ng

puri ty  based on the manufac tu r e r s quote d va lues :  A r g o n  ( L i q u i d  C a r b o n i c ,

h~~.998~~) , Xenon (Resea rch  Grade , Matheson , 99 .99 9~~ ) , N i t r o g e n  (Li quid

Carbonic , 99. 996% ), Oxy gen (Li quid Carbonic , 99. 7~’A ) ,  Hy d r o g e n

(M a t he s o n , ~) . 95~~) , Deuteriurn (Matheson , 9 9 . 5%) , Ca rbon Monox ide

( R e s e a r c h  ~z r . t d e , Matheson , 99. 99% ),  Carbon Dioxide (Resea rch  G r a de ,

M a t he s o n  9. ‘,f~~5~~) , and Sulfur Hexafluorid e ( M a s s  Oxygen E qui pmen t Co.

t e~~ • ~~~~~~ 
1 he t r i rne th y l bismuth (ALFA Products , 99. ~~~~~ 

was ou tgas sed

by several  f r eeze , pump, thaw cycles before being mixed by succe s s ive

di lut ions with a r g o n  b u f f e r  ga s .  Quenching  rates  of b i s m u t h  by 1M B

quoted below a re , of course , weig hted ave rages fo r  Bi , unphoto l yzed  i’M b ,

meth y l g roups , f r a g m e n t s , e tc.

— 5 —
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111. R E S I I I . T S

Fi g u r e  ~ shows some typical  da ta  fo r  the  co l l i s i ona l  r e l a x a t i o n

of the l i i  ( ‘ D°
512

) st a te  in mixe s with and w i t h o u t  added hy d r o g e n .  The

slopes of t hese  f i r st  o r d e r  decay plots p rov ide  values  of ~ k ’ , ~v I u - re  ~

is an e m p i r i c a l ly d e t e r m i n ed  cons t an t  and p a r t  of the r n o d i f i~’d L a n i b e r t —

Beer  e x p r e s s i o n  and k ’  is the pseudo f i r s t  o r d e r  rate  c o n s t a n t  d e s cr ib in i ~

a l l  o :c u r r i ng  re laxat ion  processes , i . e . ,

~ k ’ = kA F A r]  + ~ k~ [ N~ J + k
q I QI

w h e r e  k Ar I Ar ]  + ~ k.  N . ]  r e p r e s e n t s  the decay of Bi due to co l l i s ions

with the species p r e s e n t  in the baseline mix and is t aken  to be c o n s t a n t .

For this  example , Q i s  molecular  hy d rogen  and , t h e r e f o r e, a p lot of

~ k ’  vs ( 1-12 ] prov ides  a re la t ionship for  de t e rming  the absolute second

o r d e r  quenching  rate  constant , k~~ (see  Fig.  3). Other  e::pe r i m e n t s
2

ca r r i ed  out at 450 and 550 °K provide t empera tu re  dependent  rate data

(see Figs.  4 and 5) .  Simi la r data were collected for  r elaxat ion  of 1)0th

metastable state s in c ollisions with Ar , Xe , N 2 , H 2 , 
~~~ 

CO , CO2 . 02

and SF6 . These data are  summarized in Table I.  Where  uncer ta int ies

a r e  indica ted , they represent  one sta ndard deviation of a least  squares

compute r f i t  to the data.

Rate constants  are  reported as uppe r bounds when the ratio of the

derived rate constant to the gas kinetic rate constant  (k GK 2 x l0~~~
0 cm 3

/

molecule sec ) is less than the mole fract ion of ma nufacturer ’ s stated level

-6~
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of i m p u r i t i e s  in  the q uen c h i n g  ga s .  This is necessary  because of our

unce r t a in t y in ass i g n in g  the ubserved  inc rease in ~ k ’ to the q~ et - i - e r  ~
i n v est i g a t i o n  or to the i m p u r i t i e s  wh ich  come with  the  q u e n c her .

These ra t e  data , whe re  appropr ia t e , a r e  plotted in A r r hen i u s  f o rm

in F i g s .  6 and 7 . 1 able II s u m m a r i z e s  the A r rh en i u s  p a r a m e t e r s  fo r

those c a s e s  w h e r e  the results  are  not reporte d as bounds.  The e r ro r

limits for  these parameters  were  estimated f rom the maximum and

m i n i m u m  values for the slope s and intercepts  which could be drawn and

be cons is ten t  with the data .

I
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TABLE II

KINETIC RATE CONSTANTS

( A rr h e n iu s  P a r a m e t e r s )

R e a c tion A (cni 3/ sec) EA (kca l/ rn o le )

Bi (
L 1) 0 ) + CO 2 . 4 ÷ 0 . 2  ( - 1 1 )  5 . 9  ± 0. 4

+ 1 1 2 l . 3 ÷ O. 3 ( — 13) 1 . 7 + 0 . 1

4 . 2 - ~- l . 5 ( - 1 1 )  2 . 9 + 0 . 3

F~i (
2 D512

°) + N 2 3. 0 ± 2 . 0 ( - 1 2 )  5 . 2 + 0. 5

÷ C 0 2 3 . 1 + 1 . 5 ( - 1 l )  1 . 5 ~~~O , Z

+ D 2 l . 6 ÷ 0 . 6 ( - l ~~) 2 . 9 * 0. 3

+ CO 7 . 2 4- 3. 3 (- 12) 1 . 6~~ 0.

~~H 2 4 . 7 + 1 . 6 ( - 1 l )  0, 0 ÷ 0. 1

-4- 02 2 . 7 ± l , 4 ( - l l )  0 I f O . 3

-1 5—

- ~~~~1=~ — -Ct r ‘ ~~~~~‘ - . . -
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IV . l)ISCIISSION

.\n i m p o r t an t  a sp ec t  of having t e mp e r a t u re  dependen t  rat ( ’  co n s t a n t

i n f o r m a t i o n  i n v o l v e s  the likelihood of choosing an appropr ia te  me c h a n i s m

w h - r e b y the e n e r g y  r ep r e s e n t e d  by the exci ted  meta s t ab l e  s t a t e s  is r emoved

in u n d e r g o i n g  an e f f e c t i v e  relaxation collision . From the data l is ted in

Table II and summar ized  in Figs . 6 and 7 , d i scuss ion  of these results  is

l imi ted  to H 2 , CO , an d 02 for  both metas tab le  states and N 2 , D2 an d CO 2
f o r  th e Bi 2 D~ 2 state.

A s t a r t i n g  point for  d iscuss ion is to con sider the validity or appro-

p r i a t enes s  of the (J , ~2 )  corre la t ion diagrams.  This approach cer ta inl y

has l imi ta t ions  1 but should serve as an improvement ove r simple energy

and spin considerations . Many of the diagrams for  these metastable  s tates

are co nvenien t l y ava i l ab l e  as re ported in the room t e mp e r a t u r e  work  of Bevan
. 2and Husain . For example , the react ion

Bi ( 2D~ /2 + CO 2 ( l
~2 g

+ ) —. BiO ( Z f l )  + CO ( l~~+ ) ( 1 )

is e~ d o e r g i c  (9. 4 kcal/ rn ole)  and sp in allowed , but the reactants  and p ro-

ducts  are predic ted 2 by U, 11) coupling arguments to be not cor re la ted.

These data (and that of Bryan and Husain ) show that quenching of Bi ( 2D~ /2
)

qt .at,~ b y CO2 is in deed i n ef f i c i e n t .  Moreove r , the reaction

R i  - + CO 2 ( l~~
g

+ ) — BiO ( 211
1,2

) + CO ( c+ 1 2

also not correlated , is exoe rgic (2 . 1 kcal/mole) and spin allowed. Again ,

the room temperature  results show i n e f f i c i e n t  quenching,  but here  fu rther

t

- 16- 
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support  for  the model comes  f r o m  the  o b s e r v e d  a t i v a t i o n  en e rg y ,  w h i c h

i n d i c a t e s  the  ex o er g ic r eac t ion  c hanne l  is not  readi l y avai lable .

B y way  of c o n t r a s t , h o w e v e r , c o ns i d e r  the  f o l l o w i n g  p r o c e s se s :

( 2
D~ 12

) + 02 (~~ Th — BiO ( 2 1 1 )  + 0 ( 3
P~~) ( 3 )

R i  ( 2D~ /2 + 0
2 

( 3~~~) -. BiO 
~~~l/z~ 

+ 0 ( 3P~~) ( 4 )

l ie re , reaction (3) is sp in allowed and slightly endoergic whereas reaction

(4 ) is exo e rgi c by about 11 kcal/mole. I3oth of these proce sses are predicted

to involve non-adiabatic transitions in that there are no thermally acce ssible

cor re lations between reactants  and products;  howev~~r , the t empera tu re  de-

pendent data indicates  an activation e n e r g y  for  react ion (3 )  of o rder  the

endot he rmic i t y ,  and no ba r r i e r  whatsoeve r for react ion (4),  sugges t ing  an

ex t remely  e f f i c i en t  relaxation process is occurr ing.  By utilizing the ’ cor-

relation d iagram for  these processes , one would not have anticipated th is

observed be havior . In fac t , the (J , ~~) coupling correlat ion diagrams sugges t 2

that q u enc hi ng by H 2 (D 2 ), CO , N 2, as well as CO 2 and 02 (disc u s sed  above)

must  occur  via non-adiabat ic  t ransi t ions. The problem in inte r p r e t i n g  these

data might  then be construed as the ability to anticipate when non-ad iaba t i c

p r o c e s s e s  n ight  he- e f f i c ie n t  and thereby dominate the r e laxa t i on  m e c h a n i s m .

One s ter l ing  example of a non-adiabatic relaxation m e c h an i s m  involves

l ike l y E-. V energy  t r a n s f e r processes. The importance of resonance e f f e c t s

J has b een d iscu ssed  ea r l i e r 1 1 and demonstrated by a number  of workers 6
~ 

~~
.

~ ‘~ ould appear  f rom these data that E — .V p rocesses  are likel y for  the

qu;nching of Ri  ( 2 D~,1) by hydrogen , where  a large isotope e f fec t  is observed ,

- ‘ 7 —  a
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Ri ( ‘ 1) ° / ) ) + H 2 + 41 cni ’ —. Ri  ( 2
D~ /2

) + H 2 (v = 1 )

R i  ~~~~~~~~ D 4 - 1026 cm ’ - Hi ( 2 D
~R

) 4- D
2 (v = 1 )  (

~~)

T h t -  o b s t - r v e d  l a r g e  rate constant  for  react ion ( 5 )  :an thus he exp lained by

th i -  p o s s i b i l i ty  u f n e a r  resonant  E — v ene rgy  t r a n s f e r . In addition , t hes~
O I ) s J ’r V e ~d tempe r a t u r e  dependent  results  fo r  b i smuth  can he compa red to

s i m i l a r  m e c h a n i s m s  sugges ted 8 for the relaxat ion p rocess:

Pb ( 3P2 ) + + 163 cm~~ — Ph ( 3P 1 ) + D 2 (v = 1 )

A com par i son  of the A r r he ni u s  p a r a m e t e r s  is provided  in Table IlL The

Table l is ts  the A fac tors , the measured activation energies , and the reac t ion

eridothermicity calculated for an assumed E — V  process exci t ing the hy drogen

or deuterium into y = 1 with ~~J = 0.

The re l a t ive  ease by which the quenching of the 2
D~ /2  

sta te ’  by H 2

ca n he r a t iona l i zed  b y invo king an E-+ V t ransition is to be cont ras ted  b y the

obse rved  quench ing  fo r  both states by CO and the 2 D~ /2 state by N 2. These

moli’ -u les would he r equ i red  to quench these bismuth s ta tes  via n o n - a d i a b a t i c

t r ans i t ions  according to the corre la t ion diag rams cons t ructed  us ing  (3 , Q )

c oup ly ing approximat ions;2 bot h are  observed , however , to quench these

states showing reasonabl y large  Ar rhenius  A f ac to r s  and ve ry large act ivat ion

~‘n~’ rgi~’s ( see  Table II ) .  A n y  E — V  processes  relaxing the ZDO
/ 

sta te would

hr • qu i te  f a r  off - resonanc (-  and involve ~~v = 2 t ransi t ions .  In fac t , it would

he d i f f i c u l t  to full y ex plain these observed rate parameters  with any c r e d i -  ~~~~~~~

b ility. One mechan i sm, which may provide some rationalization , involves

• relaxation due to thermally accessible curve or surface crossings perhaps

taking place at small internuclear sepa rations. 
6 , 11 

In this model , the

-1 8-



TABLE III

ARRIIF:N !US PARAMETERS FOR BISMUTH AND LEAI)

BISMUTH ( 2D
512

) LEAD (
3
P2

Q H2 D2

A (cm
3
/sec) 4.7 x lO~~~ 2.9 x io~~~

l

E
A 

(kcal/rnol c) 0.9 0.8

~~E (kca l/mole) 0. 4 0.5

1 •
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I

b ser v e d  d( t i v a tj on  t ’ n - r gies refit-ct t he  en e r g y  of the  -u ry e  n e  r g in i g a n

r n e d s u r ( ’d  up  f r o m  the  e n e r g y  of the coll ision pa r tn e r s  a t  i n f i n i t t ’  sepa r .~’ :1.

S i m i l a r  c on s i d e r a t i o n  has been postulated to exp lain t h e  o h s t r v e d  1ar ~ d (  -

t i v a t i o~i t~~~~~ r ,,~ies fo r  cases  whe re  t h e r e  ar e  avai lable  exoergi - a d i ah at n

rout -s , s uc h  as in the Sn + N 20 k i net i c s .  
12
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